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Abstract
The low-cost composite of g-C3N4 modified by Zn-doped SnO2 nanoparticles was prepared for the first time in this work. 
The characterization results of XRD and SEM demonstrated that Zn was successfully doped into SnO2. The formed Sn-O-
Zn bonds and interaction between the Zn-doped SnO2 sample and g-C3N4 in the composite were explored by FT-IR and 
XPS technologies. Photocatalytic degradation experiments showed that the as-prepared optimal composite photocatalyst 
displayed enhanced photocatalytic reactivity towards both dyes and antibiotics, which could degrade 85.6% of RhB and 
86.8% of tetracycline within 30 and 90 min, respectively. The oxygen vacancies formed in SnO2 after Zn doping could 
capture the photogenerated electrons of g-C3N4, thereby promoting the separation of photogenerated electron-hole pairs, 
then more ·O2

− and holes can be generated during the visible light-driven photocatalytic reaction, so that the composite of 
Zn-doped SnO2/g-C3N4 acquired higher photocatalytic activity and accelerated the degradation of target organics. Active 
species capturing experiments and ESR detection results also confirmed that ·O2

− and holes were the main active species 
in the reaction process. This work developed a novel g-C3N4-based photocatalyst with no noble metal, low price, and high 
photocatalytic activity, which could provide a cost-effective and high-efficiency strategy for wastewater treatment.
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Introduction

The problem of organic pollution is a negative impact on 
the environment caused by the rapid development of mod-
ern industry, which is extremely unfavorable to the sustain-
able development of the environment and human health. 
Therefore, exploring and developing efficient elimination 
approaches for organic pollutants is the priority (Xue et al., 
2019). Semiconductor-based photocatalysis overcomes the 
disadvantages of insufficient degradation efficiency faced by 
traditional pollutant removal technologies such as adsorption 
and filtration which have been getting increasing attention 
(Balu et al., 2020). For photocatalysis, active free radicals 

will be generated depending on the conversion of photon 
energy by the photocatalyst, and the attack behavior of active 
free radicals on the structure of organic matter is the key and 
efficient way to decompose the targets.

Benefit from the characteristics of photocatalysis that 
converts light energy into chemical energy, it is considered 
a green and clean solar energy conversion technology, which 
has been widely applied in solving the current serious prob-
lems ranging from environmental pollution to energy short-
age (Ismael, 2020). Recently, researches on photocatalysts 
have mainly focused on semiconductors that respond to vis-
ible light. Visible light-driven photocatalysts will undoubt-
edly expand the utilization of solar energy, thereby enhanc-
ing the photocatalytic activity of the photocatalyst at a high 
level. Among them, a polymeric semiconductor material, 
graphitic carbon nitride (g-C3N4) with intermediate band-
gap (2.7 eV), has become the most famous photocatalyst in 
recent years.

g-C3N4 can be simply prepared by high-temperature 
condensation polymerization by melamine, dicyandi-
amide, and urea as the precursor material (Chen et al., 
2020; Rattan Paul and Nehra, 2021). The unique and 

Responsible Editor: Sami Rtimi

 *	 Qun Kang 
	 kangq_hubu@126.com

1	 Faculty of Resources and Environmental Science, Hubei 
University, Wuhan 430062, China

2	 Hubei Engineering Research Center for Rural Drinking 
Water Safety, Wuhan 430062, China

/ Published online: 7 March 2022

Environmental Science and Pollution Research (2022) 29:51989–52002

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-022-19581-5&domain=pdf


1 3

attractive characteristics of g-C3N4 including the simple 
reaction operation, the flexible two-dimensional (2D) lay-
ered structure, and the high thermal and chemical stabil-
ity enable it to be extensively researched and applied in 
different fields such as contaminants degradation (Amed-
lous et al., 2021; Wang et al., 2020), sterilization (Ding 
et al., 2020), nitrogen fixation (Li et al., 2021), CO2 and 
NO conversion (Guo et al., 2021; Liu et al., 2021a), and 
energy production (Feng et al., 2021; Wang et al., 2021a). 
However, the structural defects in g-C3N4 would easily 
lead to the rapid recombination of photogenerated carri-
ers, which greatly inhibits its photocatalytic activity. This 
will hinder the path of g-C3N4 from laboratory research 
to practical application. Many studies reported that the 
usage of introducing metallic (Paul et al., 2020b) or non-
metallic elements (Chu et al., 2020) into the structure of 
g-C3N4, or the formation of heterojunctions by combining 
g-C3N4 with other semiconductor photocatalysts such as 
TiO2 (Sun et al., 2019), SiO2 (Sun et al., 2021), ZnO (Paul 
et al., 2020a), and Bi2MoO6 (Liu et al., 2021), can effec-
tively enhance the photocatalytic activity of g-C3N4. Com-
bination with semiconductors could improve the interface 
structure and promote the separation of photogenerated 
carriers in g-C3N4, which is an effective strategy employed 
to enhance the photocatalytic activity of g-C3N4 (Li et al., 
2020).

Among various diversified semiconductors, the low-cost 
SnO2 with a bandgap of about 3.6 eV has received great 
attention owing to its non-toxicity, chemical stability, and 
electrical conductivity. SnO2 has mostly been used for the 
preparation of gas sensors (Phuoc et al., 2020), solar cells 
(Huang et al., 2020), photocatalyst (Liu et al., 2021b; Yak-
out, 2021), etc. While the large bandgap of SnO2 limits the 
utilization of solar energy, it is unreachable for it to perform 
photocatalytic application under visible light. As a useful 
improvement measure, doping metal ions such as Ga (Siva-
kumar et al., 2021), Nd (Song et al., 2021), Ce (Pacheco-
Salazar et al., 2020), Ni, and Co (Matussin et al., 2020) into 
SnO2 is an important means. The conductivity and optical 
absorption of SnO2 can be improved by metal doping. More-
over, the surface activity of SnO2 can get enhanced, thereby 
the better performance of it can be acquired.

Some literature reported that when Zn was incorporated 
into SnO, the microstructure and the defect chemistry of 
the SnO2 could be modified (Ma and Wei, 2018; Wu et al., 
2021). On account of the similar ion radius of Zn2+ and 
Sn4+ (0.074 nm for Zn2+, 0.071 nm for Sn4+), the introduc-
tion of Zn will cause the generation of oxygen vacancies 
for charge compensation while maintaining the integrity of 
SnO2 lattice (Zhao et al., 2015). It also has the advantage of 
increasing adsorption sites, which is beneficial for photoca-
talysis (Adhikari et al., 2018). Therefore, the introduction 
of Zn-doped SnO2 into g-C3N4 is expected to improve the 

separation efficiency of photogenerated carriers of g-C3N4, 
which can contribute to the improvement of the photocata-
lytic activity of the photocatalyst.

To date, there are rare works that have been reported 
about the Zn-doped SnO2/g-C3N4 composites and their pho-
tocatalytic performances. Therefore, the combination of Zn-
doped SnO2 nanoparticles with g-C3N4 proposed here is an 
innovative work, which utilizes the oxygen vacancies gener-
ated by Zn-doped SnO2 to capture the photogenerated elec-
trons of g-C3N4, and promotes the separation of photogen-
erated carriers of g-C3N4, finally improving the degradation 
efficiency of dyes and antibiotic contaminants represented 
by Rhodamine B (RhB) and tetracycline (TC). By com-
bining the characterization results of the physicochemical 
properties of the as-prepared photocatalysts and the evalu-
ation analysis of their photocatalytic activities, we revealed 
the mechanism of the Zn-doped SnO2/g-C3N4 composite 
photocatalyst with enhanced visible light-driven photocata-
lytic activity for contaminant degradation. Moreover, this 
work synthesized a photocatalyst with no noble metal, low 
price, and high photocatalytic activity, which could provide 
a cost-effective and high-efficiency strategy for wastewater 
treatment.

Material and methods

Materials

All the chemicals used in the work were of analytical grade.
The chemicals required for the material prepara-

tion process (including urea, Tin chloride pentahydrate 
(SnCl4·5H2O), zinc acetate dihydrate (Zn(CH3COO)2·2H2O), 
NH3·H2O, and absolute ethyl alcohol) and the target pollut-
ants of RhB were all purchased from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). Tetracycline hydro-
chloride was purchased from Shanghai Meryer Chemical 
Technology Co., Ltd. (Shanghai, China).

Preparation of g‑C3N4

g-C3N4 was fabricated by thermal condensation reaction. 
The product was obtained by heating urea to 530 °C for 2 h. 
After cooling, the light yellow product was placed in a mor-
tar and ground to a fine powder to obtain the g-C3N4 sample.

Preparation of SnO2 and Zn‑doped SnO2 materials

Hydrothermal synthesis was used to prepare SnO2 and Zn-
doped SnO2. Twelve millimoles of SnCl4·5H2O was dis-
solved in 50 mL solution containing NH3•H2O and deion-
ized (DI) water (NH3•H2O: DI water = 1:1, v/v), and then 
different amounts of Zn(CH3COO)2·2H2O (0, 0.12, 0.24, 
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0.36 mmol) were added into the above mixture respec-
tively by vigorous stirring for 2 h. Then the different mix-
ture was transferred into 100 mL Teflon-lined autoclaves 
and reacted at 180 °C for 12 h. When the autoclaves were 
cooled to room temperature, the white products were col-
lected at the bottom by centrifugation and washed with DI 
water and ethanol repeatedly. After drying them at 80 °C 
overnight, Zn-doped SnO2 samples with a different molar 
ratio of Zn and Sn were obtained. And we abbreviated 
them as SnO2, 1% ZS, 2% ZS, and 3% ZS, respectively.

Preparation of SnO2/g‑C3N4 and Zn‑doped SnO2/g‑C3N4 
composites

Solvent mixing followed by the co-calcination method was 
selected for the synthesis of SnO2/g-C3N4 and Zn-doped 
SnO2/g-C3N4. Specifically, put g-C3N4 (0.2 g) and different 
amounts of 2% ZS sample (0.01, 0.03, and 0.05 g) into 10 
mL solution of absolute ethyl alcohol and DI water (1:1, 
v/v), and then use a magnetic stirring device to continu-
ously stir the above suspension for 2 h. Next, the above-
mixed solution was placed in an oven and dried at 80 °C 
for 12 h. Finally, the mixed dry samples were calcined in 
a muffle furnace for 2 h at 400°C to obtain 2% ZS/g-C3N4 
composites in mass ratios. The composites were desig-
nated as 2% ZS/CN-5, 2% ZS/CN-15, and 2% ZS/CN-25, 
respectively. SnO2/CN-15, 1% ZS/CN-15, and 3% ZS/
CN-15 samples were prepared by using the same method.

Characterization

The crystal phases of the as-prepared catalysts were ana-
lyzed by X-ray diffractometer (XRD, RU-200B/D/MAX-
RB, Japan). The morphologies and structures of the sam-
ples were examined by field emission scanning electron 
microscope (FESEM, Zeiss Ultra Plus, Germany) and field 
emission high-resolution transmission electron microscope 
(FHTEM, JEM-2100F, Japan). Fourier transform infrared 
(FTIR) spectra of the samples were acquired on an FTIR 
instrument (Nicolet 6700, USA) in the range of 400–4000 
cm−1. UV-vis absorption spectra of the samples were 
examined by a UV-vis spectrophotometer (PerkinElmer 
Lambda 750 S, USA). The X-ray photoelectron spectros-
copy (XPS, Thermo ESCALAB 250 Xi, USA) was per-
formed for analysis of elemental composition and valence 
states. Photoluminescence (PL) spectra of the materials 
were acquired by a fluorescence spectrophotometer (Gang-
dong F-380, China) equipped with a 300W Xe arc lamp 
at the excitation wavelength of 325 nm. The active free 
radicals were measured by an ESR spectrometer (Bruker 
A300, Germany).

Evaluation of photocatalytic activity

The photocatalytic performance of the as-prepared g-C3N4, 
2% ZS, SnO2/CN-15, 1% ZS/CN-15, 2% ZS/CN-15, and 
3% ZS/CN-15 composites was evaluated by using RhB and 
TC as the model organic contaminants. For the degrada-
tion of RhB, 20 mg of as-prepared material was added 
into 100 mL RhB aqueous solution (10 mg/L), and for 
the degradation of TC, 50 mg photocatalyst was added 
into 100 mL TC aqueous solution with the concentration 
of 30 mg/L. Then the formed RhB (or TC) suspension 
was stirred in the dark circumstances for 30 min to estab-
lish an adsorption/desorption equilibrium. After that, the 
photodegradation was performed under visible light irra-
diation by using a 150 W Xe lamp with a 420-nm cut-off 
filter. During the photocatalytic process, 3 mL of sample 
solution was taken out every 5 min for RhB (10 min for 
TC solution), and it was filtered through a filter mem-
brane (0.22 μm, Jinteng, China) to obtain a clear solution. 
Finally, the concentration of RhB (or TC) in the sample 
was determined by Shimadzu UV-vis spectrophotometer 
(mini 1240, Japan) at 554 nm (or 357 nm). The degrada-
tion efficiency is defined as C/C0, where C0 is the concen-
tration of the RhB (or TC) solution when photodegradation 
starts, and C is the concentration of the RhB (or TC) at 
different irradiation times.

Results and discussion

XRD analysis

XRD was utilized to acquire the crystal phase informa-
tion of the as-prepared samples. The XRD patterns of 
SnO2, 1% ZS, 2% ZS, and 3% ZS are shown in Fig. 1a. 
The diffraction peaks at 26.6°, 33.9°, 39.0°, 51.8°, and 
54.8° of these samples can be assigned to (110), (101), 
(200), (211), and (220) facets of the rutile SnO2 (JCPDS 
No. 41-1445), which acted as the host material. It can 
be found that, when the concentration of the doped Zn2+ 
increased from 1 to 3%, the diffraction peaks of Zn-doped 
SnO2 shifted 0.1° towards a lower diffraction angle com-
pared with undoped SnO2. This indicates that the doping 
of Zn affects the lattice parameters of SnO2 (Soltan et al., 
2017). Fig. 1b  shows the XRD patterns of g-C3N4 and 
2% ZS/CN composites, and the diffraction peaks located 
at 12.9° and 27.6° in these samples accord with the (100) 
and (002) planes of g-C3N4 (Liu et al., 2021c; Paul et al., 
2019a). The characteristic diffraction peaks of SnO2 also 
can be observed in the 2% ZS/CN composite, and their 
intensity gradually increases when the content of 2% ZS 
increases in the composite.
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Morphological characteristics

SEM was conducted to determine the microstructure and 
morphologies of g-C3N4, SnO2, 2% ZS, and 2% ZS/CN-15 
samples, and Fig. 2 shows their SEM images. The slightly 
curled multiple nanosheet structures exhibited in Fig. 2a are 
a characteristic structure of 2D polymerized g-C3N4 pre-
pared by urea. Fig. 2b displays nanoparticle morphologies 
of the as-prepared 2% ZS, and the diameter of it ranged from 
200 to 400 nm. The structure image of the composite of 2% 
ZS/CN-15 composite (Fig. 2c) was almost identical with 
the morphology of g-C3N4, owing to the small size and low 
content. The surface element distribution detection of the 
2% ZS/CN-15 composite sample (Fig. 2c) was executed by 
EDS. We can observe that all the elements of C, N, O, Sn, 
and Zn exist in the 2% ZS/CN-15 sample, which is shown 
in Fig. 2d, Fig. 2e, Fig. 2f, Fig. 2g, and Fig. 2h, respectively.

The structures of g-C3N4 and the 2% ZS/CN-15 com-
posite were further identified by employing TEM (Fig. 3). 
As shown in Fig. 3a, g-C3N4 displays a stretchable, thin, 
and malleable structure similar to that of graphite. Different 
from SEM image, the TEM of 2% ZS/CN-15 sample listed 
in Fig. 3b exhibits the morphology that 2% ZS nanoparticles 
are evenly dispersive and wrapped by g-C3N4. Moreover, we 
can also find out from Fig. 3c that the 2% ZS nanoparticles 
are aggregated by very small nanoparticles with a diameter 
of about 5 nm. The HR-TEM image of the 2% ZS sample 
shown in Fig. 3d uncovers the lattice fringes corresponding 
to the (110) and (101) facets of SnO2 crystal, with the inter-
planar spacing of 0.33 nm and 0.26 nm, respectively. The 
visualized SEM and EDS mapping as well as TEM images 
not only assist in the analysis of the structure of the samples 
but also verify the successful synthesis of the material.

XPS measurement

Relying on the determination of XPS, the surface compo-
nents and the chemical element valence information of the 
materials were further investigated. Fig. 4 shows the related 
spectra. The Sn 3d spectra of SnO2, 2% ZS, and 2% ZS/
CN-15 are exhibited in Fig. 4a. The peaks at the binding 
energy of 486.7 eV and 495.1 eV belong to the Sn 3d5/2 and 
Sn 3d3/2 of SnO2, respectively. The 2% ZS sample displays 
a slight shift of the Sn 3d peak to the lower binding energy 
position. This change in binding energy is due to the formed 
oxygen vacancies by Zn doping into SnO2 weakening the 
binding energy of the Sn4+ oxidation state (Lu et al., 2018), 
while for 2% ZS/CN-15 composite, the binding energy peak 
position of Sn 3d5/2 and Sn 3d3/2 shift to 486.1 eV and 494.5 
eV, which can be attributed to the interaction between 2% 
ZS and g-C3N4.

From the O 1s spectra of SnO2, 2% ZS, and 2% ZS/CN-15 
samples displayed in Fig. 4b, we can observe that, compared 
with SnO2, the O 1s peak in 2% ZS sample is divided into 
two peaks, which are located at 530.1 eV and 531.3 eV, 
respectively, while in the 2% ZS/CN-15 sample, the O 1s 
peaks change to 530.9 eV and 533.2 eV, respectively. The 
shift of O 1s implies that there were two different kinds 
of chemical environments in 2% ZS and 2% ZS/CN-15 
samples. Beyond that, the interaction between 2% ZS and 
g-C3N4 in 2% ZS/CN-15 composite also could cause a shift 
of O 1s peaks. O 1s peaks at 530.1 eV and 530.9 eV in 2% 
ZS and 2% ZS/CN-15 express the coordination of oxygen 
originating from the Sn-O-Sn bond, while peaks at 531.3 eV 
and 533.2 eV denote the coordination of oxygen in Sn-O-Zn 
introduced by Zn doping (Ma and Wei, 2018).

The Zn 2p spectra for the 2% ZS sample can be seen 
in Fig. 4c. The peaks located at binding energy of 1021.9 
eV and 1044.8 eV represent Zn 2p3/2 and Zn 2p1/2 orbital, 
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Fig. 1   XRD patterns of SnO2, 1% ZS, 2% ZS, and 3% ZS (a) and 
XRD patterns of g-C3N4, 2% ZS/CN-5, 2% ZS/CN-15, and 2% ZS/
CN-25 (b)
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respectively, which means that Zn2+ was successfully 
doped into SnO2.

The C 1s and N 1s spectra of 2% ZS/CN-15 are shown 
in Fig. 4d and Fig. 4e, respectively. The C 1s peaks located 
at binding energy of 284.5 eV, 286.6 eV, and 287.8 eV 
represent the extra carbon added to the instrument, carbon 
atoms in C-(N)3 groups, and carbon atoms from N-C=N 

in the aromatic ring structure, respectively (Zhang et al., 
2021).

For N 1s spectrum, three peaks at 397.9 eV, 398.8 eV, 
and 402.3 eV are attributed to the nitrogen in triazine rings 
which contains C-N=C bond, the nitrogen atoms in N-(C)3 
groups, and nitrogen in -NH2 groups, respectively (Zhu 
et al., 2021a). The results of XPS detection once again 

Fig. 2   SEM images of g-C3N4 
(a), 2% ZS (b), 2% ZS/CN-15 
composite (c), and EDS map-
pings of C (d), N (e), O (f), Sn 
(g), and Zn (h) of 2% ZS/CN-15 
composite (c)
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proved that the materials were successfully synthesized and 
there was strong interaction in the 2% ZS/CN-15 composite.

FT‑IR analysis

The functional groups in the materials were tested by FT-IR 
technology. Fig. S1 displays the FT-IR spectra of SnO2, 
2% ZS, g-C3N4, SnO2/CN-15, and 2% ZS/CN-15 samples. 
For the SnO2 sample, the stretching vibration and bending 
vibration of the O-H bond in the hydroxyl groups of the 
adsorbed water can be observed at 3416 cm−1 and 1630 
cm−1. The peak at about 620 cm−1 is the presentation of 
the Sn-O stretching vibration (Gao et al., 2018). For the 
2% ZS sample, in addition to the peak that appeared at 620 
cm−1 that represents the vibration absorption of Sn-O, the 
slight absorption peak at 580 cm−1 can be found as well, 
which belongs to the stretching vibrations of Zn-O. It is 
proved that Zn2+ was successfully doped into SnO2 mate-
rial (Shanmugam et al., 2016). For g-C3N4, the stretching 
vibrations absorption of N-H bonds is reflected in peaks at 
3250 cm−1, 3161 cm−1, and 3081 cm−1. Peaks at 1638 cm−1 
and 1236 cm−1 refer to the vibration absorption of C=N 

and C-N bonds from the heterocyclic rings in g-C3N4 (Paul 
et al., 2019b). The strong absorption peak at 810 cm−1 is the 
response to the stretching vibrations of triazine units in the 
structure of g-C3N4 (Wang et al., 2021c). It can be observed 
that SnO2/CN-15 and 2% ZS/CN-15 samples show absorp-
tion spectra similar to that of g-C3N4, due to the low content 
of SnO2 in the composites.

Optical absorption property

The optical absorption properties of the as-prepared sam-
ples were measured employing a UV-vis spectrometer. 
Fig. 5a shows the spectra of SnO2, 1–3% ZS, g-C3N4, and 
a series of 2% ZS/CN composites. The absorption curves 
of SnO2-based samples and g-C3N4-based composite can 
be distinguished. SnO2 and 1–3% ZS samples show strong 
absorption in the ultraviolet region between 200 and 400 
nm, while for g-C3N4 and all 2% ZS/CN composites, they 
exhibit visible light absorption. The absorption curves of 
the composites are highly consistent with that of g-C3N4, 
which means that the combination with a small amount of 
Zn-doped SnO2 does not change the visible light absorption 

Fig. 3   TEM images of g-C3N4 
(a), 2% ZS/CN-15 composite (b 
and c), and HR-TEM image (d) 
of 2% ZS/CN-15 composite
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capacity of g-C3N4. Also, it can be found that a slight red-
shift of the absorption edges occurs from Zn-doped SnO2 
samples. This indicates that the introduction of Zn2+ expands 
the light absorption range of SnO2.

According to the Kubelka-Munk equation (Ji et al., 2017; 
Shen et al., 2017):

The related curves were plotted and shown in Fig. 5b, 
from which the optical bandgaps of g-C3N4, SnO2, and 
1–3% ZS samples were estimated. The calculated bandgaps 
of g-C3N4 and SnO2 were 2.70 eV and 3.40 eV, respectively. 
Besides, we can find from Fig. 5b that with the content of 
Zn2+ gradually increasing, the bandgap of Zn-doped SnO2 
gradually decreases. The bandgaps of 1% ZS, 2% ZS, and 
3% ZS were calculated as 3.35 eV, 3.20 eV, and 3.18 eV, 
respectively. The decreased band gap of ZS samples can 
be owing to the introduced Zn2+ which occupies part of the 
Sn4+, and participating in the SnO2 lattice network, making 
the formed impurity band merges into the conduction band, 
resulting in the narrower bandgap of the doped sample (Sol-
tan et al., 2017).

Photoluminescence (PL) analysis

The separation and recombination of photogenerated carriers 
are closely related to the activity of the photocatalyst. Thus, 

(1)α(h�) = A(h� − Eg)n∕2

we implemented PL experiments to explore the recombi-
nation circumstances of photogenerated electron-hole pairs 
in the as-synthesized photocatalysts. The PL curves were 
drawn based on the obtained data and shown in Fig. S2. The 
strongest peak centered at 460 nm can be interpreted as the 
fast recombination of photogenerated carriers promoting flu-
orescence emission in g-C3N4, while for both SnO2/CN-15 
and 2% ZS/CN-15 composites, their PL signal strength is 
significantly lower than that of g-C3N4, which indicates 
that the modification of g-C3N4 by SnO2 could suppress the 
recombination of photogenerated electron-hole pairs. The 
PL peak intensity is the weakest for the 2% ZS/CN-15 sam-
ple, implying that the photogenerated carrier recombination 
rate is the lowest in this composite. The reason for this is that 
when Sn4+ in the SnO2 lattice was partly replaced by Zn2+, 
then the oxygen vacancy centers were formed (Wang et al., 
2015) and could quickly capture photogenerated electrons of 
g-C3N4 in the composite, thereby promoting the transfer of 
photogenerated electrons and inhibiting the recombination 
of photogenerated carriers.

Photocatalytic activity evaluation

The application of photocatalysts to wastewater purification 
is of great significance to human health and safety. The deg-
radation efficiency of pollutants depends on the photocata-
lytic activity of the photocatalyst. Therefore, the evaluation 
of the photocatalytic activities of the synthesized samples 
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Fig. 4   XPS spectra of Sn 3d (a) of SnO2, 2% ZS, and 2% ZS/CN-15 composite, O 1s spectra (b) of SnO2, 2% ZS, and 2% ZS/CN-15 samples, 
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under visible light was launched by taking the dye of RhB 
and the antibiotic of TC as the target contaminants. Fig. 6 
shows the degradation results. As shown in Fig. 6a, 2% ZS 
has no degradation activity on RhB oxidation under vis-
ible light that is because it could only respond to ultraviolet 
light, while 54.0% RhB can be degraded in 30 min by using 
g-C3N4, reflecting the better visible light catalytic activity of 
it. We can see that the composite samples formed by doped 
or undoped SnO2 and g-C3N4 exhibit higher RhB degra-
dation efficiency than g-C3N4. In comparison, the degra-
dation efficiency of the composite samples combined with 
Zn-doped SnO2 and g-C3N4 is higher than that of undoped 
SnO2/g-C3N4. The degradation efficiencies of RhB by 1% 
ZS/CN-15 and 3% ZS/CN-15 samples are similar. For 2% 
ZS/CN samples, it can be drawn from the degradation curves 
that as the content of 2% ZS in the composite increases from 
5 to 15%, the degradation efficiency of RhB by the com-
posite increases, and when the content of 2% ZS continues 
to increase from 15 to 25%, the degradation efficiency of 
RhB reduced. A total of 85.6% of RhB can be degraded 

within 30 min by 2% ZS/CN-15 composite, which showed 
the best degradation performance among the samples 
under visible light. And it is significantly higher than the 
57.6% degradation efficiency for RhB by undoped SnO2/
CN sample. For the degradation of tetracycline by the as-
synthesized photocatalysts, the results are shown in Fig. 6c. 
Due to the poor ability to respond to visible light, 2% ZS 
could hardly degrade TC. Although pure g-C3N4 showed 
the activity of degrading TC, the degradation efficiency only 
reached 40.3% within 90 min. When using the composite 
of undoped SnO2 and g-C3N4 (SnO2/CN-15), the degrada-
tion efficiency increased, and 56.5% TC could be degraded 
in 90 min. While the degradation efficiencies of TC were 
further improved when the composites of Zn-doped SnO2 
and g-C3N4 were used, the degradation efficiencies of TC 
by using 2% ZS/CN-5, 2% ZS/CN-15 and 2% ZS/CN-25 
photocatalysts were 74.6%, 86.8%, and 80.3%, respectively. 
When the content of ZS in the composite is the same, but 
the doping concentration of Zn is different, the degradation 
efficiency of TC is also different. The degradation efficien-
cies of TC by using 1% ZS/CN-15, 2% ZS/CN-15, and 3% 
ZS/CN-15 were 60.7%, 86.8%, and 72.3%, respectively. The 
composite of 2% ZS/CN-15 displayed the best photocatalytic 
activity for both the dye of RhB and tetracycline pollutants. 
Based on PL spectra and analysis, the main reason for the 
improvement of the photocatalytic activity can be concluded 
as the formation of a suitable amount of oxygen vacancies in 
2% ZS and the improved photogenerated carriers’ separation 
rate in the 2% ZS/CN-15 composite.

The photocatalytic degradation kinetics of the as-pre-
pared photocatalysts was studied by pseudo-first-order reac-
tion with a simplified Langmuir-Hinshelwood:

And the corresponding rate curves were plotted and the 
rate constant k was calculated as well. Fig. 6b and d display 
the results, and from which, we can find that the k value 
for 2% ZS/g-C3N4-15 (6.27×10−2 min−1) was 2.4 times 
than that of g-C3N4 (2.57×10−2 min−1) and 2.2 times than 
that of undoped SnO2/CN-15 samples (2.85×10−2 min−1) 
for RhB degradation. And for TC degradation, the k value 
for ZS/g-C3N4-15 (2.32×10−2 min−1) was 4.0 times than 
that of g-C3N4 (5.77×10−3 min−1) and 2.4 times than that 
of undoped SnO2/CN-15 samples (9.47×10−3 min−1). We 
could have concluded that the degradation kinetic constant 
k increased with the modification of g-C3N4 by Zn-doped 
SnO2, and when the optimal mass ratio was 15% for 2% 
ZS sample and g-C3N4, kinetic constant k for RhB and TC 
degradation reached the highest.

Then the durability performance of the prepared Zn-
doped SnO2/g-C3N4 composite photocatalyst was studied. 
And 4 cycles of degradation experiments were carried out 

(2)− ln
(

C∕C
0

)

= kt

200 300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0
A

bs
or

ba
nc

e 
(a

.u
.)

Wavelength (nm)

 SnO2

 g-C N
 1% ZS
 2% ZS
 3% ZS
 2% ZS/CN-5
 2% ZS/CN-15
 2% ZS/CN-25

(a)

2.0 2.4 2.8 3.2 3.6 4.0 4.4

3.18 eV

3.20 eV

3.35 eV

3.40 eV3.40 eV
(A

hv
)2  (e

V
)2

(A
hv

)1/
2  (e

V
)1/

2

hv

g-C N

3% ZS

SnO

2% ZS

1% ZS

2.70 eV

(b)

Fig. 5   UV-vis absorption spectra (a) of SnO2, 1%-3% ZS, g-C3N4, 
and 2% ZS/CN composites, and the bandgap evaluation (b) of 
g-C3N4, SnO2, and 1%-3% ZS samples

51996 Environmental Science and Pollution Research (2022) 29:51989–52002



1 3

under visible light by using the 2% ZS/CN-15 composite. 
The composite photocatalyst was applied to degrade RhB (or 
TC) until the degradation was completed. After thoroughly 
cleaning and drying, the composite continued to be used for 
the degradation of a fresh RhB (or TC) solution. And a total 
of 4 rounds of degradation experiments have proceeded in 
this way; Fig. S3a and b show the cyclic degradation results 
of RhB and TC. In the fourth application on RhB degra-
dation, the 2% ZS/CN-15 composite still maintained high 
degradation efficiency with an RhB elimination efficiency of 

81.7%. And after four consecutive degradations of TC, the 
degradation efficiency can still reach 82.2%. The cyclic deg-
radation data confirms that the as-prepared low-cost com-
posite has good recyclability. Furthermore, the photocata-
lytic degradation performances of RhB and TC by this work 
and other works were compared and summarized, which is 
shown in Table 1. It can be seen from Table 1 that compared 
to other previous works, the degradation efficiency and rate 
constants of RhB and TC in this work are at high levels. 
Therefore, it is proved that this Zn-doped SnO2/g-C3N4 

Fig. 6   The degradation curves 
of RhB (a) and TC (c) by the 
as-prepared photocatalysts and 
the corresponding first-order 
kinetics fitting plots of RhB (b) 
and TC (d) degradation
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Table 1   Comparison of the degradation performance of RhB and TC between this work and other works

Photocatalysts Light source Target 
contami-
nant

Kinetic constant (min−1) Degradation efficiency 
(%)

Reference

Nb2O5 nanofibers UV light RhB 1.77×10−3 59.0 (300 min) de Jesus et al. (2021)
g-C3N4/rGO/SnO2 Visible light (halogen 

lamp)
RhB 2.85×10−2 83.2 (120 min) Ali et al. (2021)

CuO-MgO-ZnO nano-
composite

Visible light (Xe lamp) RhB 9.63×10−3 64.3 (100 min) Munawar et al. (2021)

TiO2/g-C3N4 Visible light (LED lamp) TC 1.59×10−2 79.1 (100 min) Li et al. (2022)
L-cysteine-based g-C3N4 Visible light (LED lamp) TC 5.90×10−3 70.0 (180 min) Hu et al. (2021)
g-C3N4/WO3 Simulated solar light (Xe 

lamp)
TC Not mentioned 79.8

(180 min)
Jing et al. (2021)

Zn-doped SnO2/g-C3N4 Visible light (Xe lamp) RhB
TC

6.27×10−2

2.32×10−2
88.6 (30 min)
86.8 (90 min)

This work
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composite proposed in this work has a satisfactory effect on 
the degradation of organic pollutants, which can be regarded 
as a promising candidate for wastewater treatment.

Trapping experiments

The activity of the photocatalyst is inseparable from the 
active species it produces. Designing and executing the 
active species trapping experiments is beneficial to explore 
the role of the generated active species during the RhB and 
TC degradation process. In the process of photocatalytic 
reaction by using the 2% ZS/CN-15 composite, we utilized 
isopropanol (IPA), triethanolamine (TEOA), and nitrogen 
(N2) as the scavengers of hydroxyl radical (·OH), holes 
(h+), and superoxide radical (·O2

−), respectively. The role 

of each active species is confirmed by the consumption of 
the corresponding scavenger. And the results are shown in 
Fig. 7a and b.

For RhB degradation, the addition of IPA did not significantly 
inhibit the degradation, indicating that the role of hydroxyl radi-
cals in RhB degradation is negligible. The removal efficiencies 
of RhB dropped to 15.0% when TEOA was added to the reaction, 
suggesting that h+ provided an important role in the oxidation of 
RhB. When N2 was brought into the photocatalytic process, the 
degradation efficiency of RhB was drastically reduced to 4.6%, 
revealing that ·O2

− was the main active species produced during 
the photodegradation of RhB by 2% ZS/CN-15 composite pho-
tocatalyst. For the degradation of TC, when IPA was added, the 
degradation efficiency of TC decreased slightly, and 74.1% of TC 
was degraded. However, when TEOA and N2 were introduced, 

Fig. 7   The degradation curves 
of RhB (a) and TC (b) in the 
presence of 2% ZS/CN-15 com-
posite with different scavengers, 
ESR spectra for superoxide 
radical (c), hydroxyl radical (d), 
and oxygen vacancy (e)
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the degradation efficiency of TC was inhibited, and only 24.1% 
and 7.4% of TC were degraded. It shows that in the degradation 
of TC, the role of the scavenger is the same as in the degradation 
of RhB. It can be concluded that O2 is the dominant active spe-
cies, h+ also plays an important role, and the effect of ·OH is not 
significant in the photocatalytic reaction carried out by the 2% 
ZS/CN composite photocatalyst.

ESR technology was employed to detect ·O2
−, ·OH, and oxy-

gen vacancy in photocatalytic reaction over the 2% ZS/CN-15 
composite sample to further verify the existence of free radicals 
and oxygen vacancies, and the results are displayed in Fig. 7c, 
Fig. 7d, and Fig. 7e, respectively. Fig. 7c shows a strong signal 
of ·O2

−, indicating that the composite sample generated active 
species dominated by ·O2

− under visible light irradiation, while 
the ·OH signal captured by ESR (Fig. 7d) was much weaker 
than that of ·O2

−, and even ·O2
− signals appeared in it, showing 

that the composite sample generated very few ·OH under vis-
ible light, and these ·OH may be formed from the reaction of 
·O2

- and H2O. The results from trapping experiments and ESR 
tests are identical with each other, which once again illustrates 
the main role of ·O2

− in the degradation process.
Fig. 7e shows the signals of trapped oxygen vacancy cen-

tered at g = 2.004. It demonstrates the presence of oxygen 
vacancies in the composite sample (Wu et al., 2021). The 
doped Zn2+ replaced a part of Sn4+ in the SnO2 lattice so that 
oxygen vacancies appeared, then the local electrons of the oxy-
gen vacancies can be trapped to form ESR signal peaks. Active 
species trapping experiments and ESR detections proved that 
under visible light irradiation, there are a large number of ·O2

−, 
few ·OH, and some oxygen vacancies existed in the photo-
catalytic system. That will conduce to understand the photo-
catalytic oxidation mechanism of RhB and TC by 2% ZS/CN 
composite photocatalyst.

Photodegradation mechanism

The analysis of the bandgap structures of g-C3N4 and 2% ZS 
samples can be useful for realizing the photocatalytic reaction 
mechanism for RhB and TC degradation by the composite 
photocatalyst proposed. From the previous study, we know the 
information that the bandgap of g-C3N4 and 2% ZS are 2.70 
and 3.20 eV, respectively. The valence band (VB) and con-
duction band (CB) edge potentials of g-C3N4 were estimated 
according to the empirical equations (Su et al., 2021) below:

And by substituting the value of E0 = 4.5 and the χ value 
for g-C3N4 is 4.73 (Zhang et al., 2018), the calculated VB and 
CB for g-C3N4 are 1.58 eV and −1.12 eV, respectively. The 
EVB of 2% ZS was calculated as 3.30 eV from the VB-XPS 

(3)EVB = χ − E0 + 0.5Eg

(4)ECB = Eg − EVB

spectrum shown in Fig. 4f. According to Equation (4), the ECB 
of 2% ZS can be calculated as 0.1 eV.

Fig. 8 describes the possible mechanism of the photocata-
lytic degradation over 2% ZS/CN-15 composite based on the 
bandgap structures of g-C3N4 and 2% ZS. Since g-C3N4 could 
respond to visible light, when exposed to visible light, elec-
trons on the VB of g-C3N4 could absorb light energy and leap 
onto the CB of it, forming photogenerated holes and electrons. 
The CB position of g-C3N4 is −1.12 eV, which is more nega-
tive than the potential of O2/·O2

− (−0.13 eV vs. NHE, at pH = 
7) (Zhang et al., 2020), allowing the photogenerated electrons 
on CB of g-C3N4 to reduce O2 to generate ·O2

−. While the VB 
potential of g-C3N4 is negative than that of OH−/·OH (1.99 
eV vs. NHE, at pH = 7) (Zhu et al., 2021b), ·OH cannot be 
generated via the oxidation of OH− by holes. The ·OH in the 
photocatalytic system should be derived from the reaction of 
·O2

− with H2O. For 2% ZS, according to the UV-vis absorp-
tion curve, it could only absorb ultraviolet light and cannot 
be excited by visible light. However, due to the doping of 
Zn2+, oxygen vacancies were generated near the CB of the 
2% ZS sample, which could capture electrons. When 2% ZS 
and g-C3N4 are combined, the electrons of g-C3N4 which is 
generated by the excitation of visible light migrate to the CB 
of the 2% ZS sample, and are captured by oxygen vacancies. 
This behavior can promote the separation of photogenerated 
carriers and inhibit the recombination of photogenerated 
electron-hole pairs in g-C3N4, thereby it further increases the 
generation rate of ·O2

− and h+, then the target pollutants of 
RhB and TC can be oxidized by ·O2

− and h+. This is why the 
2% ZS/g-C3N4 composite photocatalyst has enhanced photo-
catalytic activity under visible light.

Fig. 8   Possible degradation mechanism of 2% ZS/CN-15 composite 
photocatalysts under visible light
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Conclusions

We reported the synthesis of Zn-doped SnO2 nanoparticles 
modified g-C3N4 composite photocatalyst. By applying it to 
the degradation of organic pollutants of RhB and TC, it is 
found that the composite exhibited enhanced visible-light 
photocatalytic activity. The characterization results of XRD 
and SEM confirmed that Zn2+ had been doped into the SnO2 
lattice. The chemical bond and interaction formed between 
g-C3N4 and ZS sample are also verified by FT-IR and XPS. 
Active species trapping experiments showed that ·O2

− plays 
a leading role in the degradation process under visible light. 
Also, the results of ESR tests proved the existence of oxygen 
vacancies in the composite sample. In addition, the modifica-
tion of g-C3N4 with Zn-doped SnO2 exhibited a lower pho-
togenerated carrier recombination phenomenon than g-C3N4. 
This is attributed to the capture of photogenerated electrons 
by oxygen vacancies, which promotes the separation of pho-
togenerated electron-hole pairs in the system. In summary, in 
this work, metal oxides doped with non-precious metals were 
used to modify g-C3N4, and the oxygen vacancies formed in 
the metal oxides were utilized to provide a transfer path for 
the photogenerated electron of g-C3N4. The formed compos-
ite photocatalyst showed enhanced performance for organics 
degradation. This work could provide a low-cost and high-
efficiency treatment strategy for wastewater purification.
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